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Summary
We investigated rearrangements of connectivity be-
tween hippocampal mossy fibers and CA3 pyramidal
neurons. We found that mossy fibers establish 10-15
local terminal arborization complexes (LMT-Cs) in CA3,
which exhibit major differences in size and divergence
in adult mice. LMT-Cs exhibited two types of long-
term rearrangements in connectivity in the adult: pro-
gressive expansion of LMT-C subsets along individual
dendrites throughout life, and pronounced increases
in LMT-C complexities in response to an enriched
environment. In organotypic slice cultures, subsets
of LMT-Cs also rearranged extensively and grew over
weeks andmonths, altering the strength of preexisting
connectivity, and establishing or dismantling connec-
tions with pyramidal neurons. Differences in LMT-C
plasticity reflected properties of individual LMT-Cs,
not mossy fibers. LMT-C maintenance and growth
were regulated by spiking activity, mGluR2-sensitive
transmitter release from LMTs, and PKC. Thus, sub-
sets of terminal arborization complexes by mossy fi-
bers rearrange their local connectivities in response
to experience and age throughout life.
Introduction
Sustained rearrangements of synaptic connections can
provide mechanisms to alter connectivity in neuronal
circuits and encode experience in the brain (Lichtman
and Colman, 2000; Poirazi and Mel, 2001; Chklovskii
et al., 2004). It is well established that local rearrange-
ments of circuitry driven by experience play prominent
roles in the fine-tuning of neuronal circuits during post-
natal development (Lichtman and Colman, 2000; Linken-
hoker and Knudsen, 2002; Gan et al., 2003; Linkenhoker
et al., 2005). In contrast, although there is abundant
evidence for pronounced physiological plasticity in the
adult, evidence that structural rearrangements of cir-
cuitry also take place in the adult has been scarce (but
see Knott et al., 2002). Recent in vivo time-lapse imaging
studies in neocortex have reported the appearance and
disappearance of postsynaptic dendritic spine subpop-
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these events can be influenced by sensory experience
(Lendvai et al., 2000; Trachtenberg et al., 2002; Holtmaat
et al., 2005). These remodeling events were more fre-
quent in younger mice, but turnover was also detected
in older adults (Holtmaat et al., 2005; Lee et al., 2006;
but see Zuo et al., 2005). In addition, a study using long-
term organotypic hippocampal slice cultures showed
that subsets of presynaptic terminals can undergo com-
parable balanced turnover, and that the extent of this
turnover is again enhanced by synaptic activity (De Paola
et al., 2003). Finally, recent studies of adult mouse barrel
and visual cortex have provided evidence for such struc-
tural plasticity of presynaptic terminals in vivo (De Paola
et al., 2006; Stettler et al., 2006). However, these studies
imaged groups of either pre- or postsynaptic elements
within small regions of neuropil, and could thus not as-
sign complete sets of synapses by individual identified
presynaptic neurons to their postsynaptic targets. Con-
sequently, it has remained unclear to what extent syn-
apse rearrangement processes in the adult produce
net alterations in the numbers of synaptic connections
between identified synaptic partners. For the same rea-
sons, it has also remained unclear whether, and under
what circumstances, repeated rearrangement processes
can lead to incremental shifts of connectivity in the adult.
To address these questions, we looked for simple and
well-characterized circuitry that had been implicated in
experience-related anatomical plasticity, and circuitry
which was also accessible to large-scale repeated imag-
ing during long periods of time.
The mossy fiber projection by dentate gyrus granule
cells onto hippocampal pyramidal neurons in CA3
(Johnston and Amaral, 1998; Henze et al., 2000) is an
attractive system for investigating patterns of synaptic
connection rearrangements on a comprehensive scale.
First, most of the mossy fiber projection in CA3 is lamel-
lar with respect to the hippocampal long axis, and it
exhibits stereotypical and simple relationships with re-
spect to the number of its postsynaptic partners. Each
mossy fiber establishes 10–15 large mossy fiber termi-
nals (LMTs) at 80–150 mm intervals along its projection
in CA3 that can be unambiguously identified anatomi-
cally (Johnston and Amaral, 1998). The average number
of distinct mossy fiber inputs per pyramidal neuron in
CA3 has been estimated at about 30–45 (Henze et al.,
2000), suggesting that the probability for random pairs
of mossy fibers to synapse onto the same pyramidal
neuron is very low. These low-synapse numbers stand
in sharp contrast to the very high degree of connectivity
among pyramidal neurons in CA3, and from CA3 to CA1.
Second, mossy fibers in stratum lucidum establish well-
characterized and powerful excitatory synaptic connec-
tions with pyramidal cells through LMTs and with inhib-
itory interneurons through en-passant varicosities and
LMT filopodia (Acsady et al., 1998; Geiger and Jonas,
2000; Reid et al., 2001; Henze et al., 2002; Engel and
Jonas, 2005; Nicoll and Schmitz, 2005). The latter pro-
vide efficient feed-forward inhibition and mediate the
predominant outcome of mossy fiber activation when
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2003; Mori et al., 2004). In contrast, mossy fibers elicit
increasing excitation of CA3 pyramidal neurons when
firing at higher frequencies (Geiger and Jonas, 2000;
Henze et al., 2002; Mori et al., 2004). As a consequence,
and probably depending on spiking frequency, one or
a small number of converging LMTs can be sufficient
to elicit action potentials in a postsynaptic pyramidal
cell, assigning a major instructional role to this synapse
in triggering network activity in the hippocampus (Henze
et al., 2002). In addition, postsynaptic spiking induced
by LMTs also serves as a powerful trigger to induce
LTP at coactive, weaker associational synapses onto
the distal sections of the same pyramidal neuron den-
drites (Kobayashi and Poo, 2004). Lastly, individual
mossy fibers fire rarely during hippocampal recruitment
(sparse code), suggesting that small ensembles of coac-
tive granule cells convey information to the hippocampal
network, and that the precise outcome of the firing for
each of these cells might be functionally important
(Johnston and Amaral, 1998; Henze et al., 2002).
Several lines of evidence have implicated the mossy
fiber projection in anatomical plasticity related to experi-
ence. Neuroanatomical analyses using Timm staining
in mice and rats have suggested that mossy fiber projec-
tion sizes are correlated to performance in hippocampal-
dependent tasks (e.g., Schopke et al., 1991; Pleskacheva
et al., 2000), and that experience can lead to significant
alterations in the size of the mossy fiber projection
(Schwegler et al., 1991; Ramirez-Amaya et al., 2001). Fur-
thermore, long-term stress can lead to reductions in spa-
tial learning performance and in the average density of
mossy fiber synapses as determined by electron micros-
copy, and these impairments can be reversed through
training for spatial tasks (McEwen, 1999; Sandi et al.,
2003). Finally, independent studies have revealed that
the dendrites and dendritic spines of CA3 pyramidal
neurons are particularly sensitive to stress-inducing
treatments and stress-related hormones (e.g., McEwen,
1999), suggesting that both the pre- and postsynaptic
elements of mossy fiber synapses are subject to experi-
ence-related anatomical plasticity in the adult. Taken
together, these findings from distinct species and exper-
imental approaches support the notion that the mossy
fiber projection and its LMT synapses in CA3 provide a
promising system for investigating persistent rearrange-
ments of synaptic circuitry influenced by experience in
the adult brain.
Here we exploited both transgenic mice expressing
membrane-targeted GFP in only a few neurons (Thy1-
mGFPs) (De Paola et al., 2003) and high-resolution imag-
ing to investigate the connectivity of LMTs in fixed
mouse tissue and organotypic slice cultures. We find
that LMTs are highly heterogeneous in vivo and in slice
cultures, and that many of them are connected through
10–200 mm processes to ‘‘satellite LMTs’’ that can con-
tact distinct pyramidal neurons in CA3. LMTs are thus
components of local presynaptic terminal arborization
complexes by mossy fibers (LMT-Cs), exhibiting varying
degrees of divergence with respect to their local targets
in CA3. We then show that LMT-Cs exhibit pronounced
long-term rearrangements in the adult. We provide
evidence for two distinct types of rearrangements: (1)
a life-long gradual growth of the largest LMT-Cs alongpyramidal cell dendrites, and (2) a dramatic increase in
the complexity of many LMT-Cs in mice housed in an
enriched environment. We finally show that (1) subsets
of LMT-Cs exhibit comparable rearrangements and
growth over weeks and months in slice cultures, (2)
that these anatomical rearrangements reflect functional
rearrangements in the local connectivity of LMT-Cs with
pyramidal neurons, (3) that heterogeneities in plasticity
and growth reflect local properties of individual LMT-
Cs, and (4) that LMT-C maintenance and growth are reg-
ulated by synaptic activity, mGluR2-sensitive transmitter
release from LMTs, and PKC. Taken together, these re-
sults demonstrate the existence of sustained local rear-
rangements of connectivity by defined terminal arboriza-
tion structures regulated by activity in the adult.
Results
Divergence and Convergence of LMT Complex
Connectivities onto Pyramidal Neurons
As a prerequisite to investigating the anatomical plastic-
ity of LMTs, we analyzed their morphologies and con-
nectivities, using Thy1-mGFPs transgenic mouse lines
expressing membrane-targeted GFP in only a few neu-
rons (De Paola et al., 2003), high-resolution light micros-
copy of perfused brain tissue, and 3D image processing.
The degree of anatomical resolution conferred by the
mGFP marker allowed us to provide views of hippocam-
pal LMTs at a very high level of overall organization and
resolution (Figure 1). We found that in addition to core
terminal regions with filopodia adjacent to the main
axon, which had been described in previous studies,
LMTs frequently exhibited processes of 10–200 mm in
length that emerged from the core LMT and terminated
at satellite LMTs (Figure 1A; see also Figure S1 in the
Supplemental Data; range of 0–5 satellites per LMT de-
pending on age: 38% [2.5 months], 58% [6 months],
and 70% [16 months] of all LMTs exhibited satellites;
see Figure 3C). Like core LMTs, satellites were larger
than 2.5 mm in diameter, exhibited filopodia, and con-
tacted pyramidal neurons (see below). To rule out the
possibility that some of the structures might be due to
the mGFP marker itself, we also acquired images from
mice expressing cytosolic YFP (Thy1-cYFPs) (Feng
et al., 2000). Although the resolution was substantially
inferior, the cytosolic marker revealed the same types
of subcomponents and arrangements, including core
regions and satellites, as detected with the mGFP
marker (Figure S1B). For the sake of clarity, we therefore
introduce the term ‘‘LMT complex’’ (LMT-C) to desig-
nate a local presynaptic terminal arborization structure
consisting of a core LMT, its filopodia, its satellite
LMTs, and their filopodia. Accordingly, mossy fibers es-
tablish 10–15 LMT-Cs in CA3, and some of these LMT-
Cs exhibit satellites.
A comparison among large sets of LMT-Cs within
small regions of hippocampus revealed pronounced var-
iations among these presynaptic terminal complexes,
which ranged from small core terminal regions to very
large and highly complex structures consisting of LMTs
with multiple subunits and several satellites (Figure 1;
see also Figures 2A, 2C, and 3C). Reconstruction of three
LMTs from serial EM sections of nontransgenic hippo-
campi provided independent evidence that individual
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751Figure 1. Divergence and Convergence of
LMT-C Connectivity onto Pyramidal Neurons
in CA3
(A) Complexity and divergence of LMT-Cs. In-
dividual mossy fibers and pyramidal neurons
in CA3a/b (Thy1-mGFPs mouse, 6 months
old); Imaris volume projections (high-intensity
mode acquisition). (Upper panel, left) Cream
arrows: LMTs; red arrows: one LMT covering
a long segment of pyramidal neuron dendrite.
(Upper panel, right) Lower-magnification im-
age of the field shown on the left. Green ar-
rows: two examples of thorny excrescence
clusters. The inset shows the same field, but
seen from behind (mirror image to facilitate
orientation); proximal sections were excluded
to reveal the dendrite-facing surface of the
elongated LMT (red arrow). (Lower panel,
left) Camera lucida drawing of CA3 field
shown above. LMTs belonging to the same
complex (3D analysis) are in the same color.
(Lower panels, center and right) Examples
of LMT-Cs (cream arrows), each contacting
two distinct pyramidal neurons (green arrows).
(Right) LMT and one satellite (to the right).
(B) Convergence of LMT-Cs belonging to dis-
tinct mossy fibers at the same thorny excres-
cence cluster of a pyramidal neuron dendrite
in CA3 stratum lucidum (Thy1-mGFPs mouse,
2.5 months old). (Left) Single confocal section
(green arrows delineate the outline of the
thorny excrescence cluster). (Center) Camera
lucida drawing, including LMTs from five dis-
tinct mossy fibers converging onto the thorny
excrescence cluster. (Right) Maximum inten-
sity projections (MIP) of stacks, including the
cluster and its mGFP-positive LMT inputs.
The LMT-Cs belonging to the dark blue and
green mossy fibers both include satellites
and converge on a second dendrite on the left.
Scale bars, 5 mm.LMTs can consist of multiple interconnected subunits
(Figure S2). The very large sizes of some LMT-Cs, and
the presence of satellites at many of them, suggested
that many of these terminal structures might establish
synaptic contacts with more than one postsynaptic CA
3 pyramidal neuron. Indeed, a detailed analysis provided
clear evidence of individual LMT-Cs in contact with more
than one CA3 pyramidal neuron (Figure 1A; Movies S1
and S2). This was not only true for the different LMTs be-
longing to an LMT-C, but also for large individual LMTs
(Figure 1A). In addition to this unexpected local diver-
gence of the outputs by one LMT-C onto distinct pyrami-
dal neurons, we also found clear evidence for extensive
convergence of distinct LMT-C inputs onto individual
thorny excrescence clusters (Figure 1B). We conclude
that LMT-Cs are local terminal arborization structures
of mossy fibers exhibiting dramatic differences in their
sizes, complexities, and divergence onto CA3 pyramidal
neurons in adult mice.
Life-Long Expansion of Hippocampal LMT Subsets
along Pyramidal Dendrites
We next wondered whether the dramatic complexities
and differences among LMT-Cs are present to a similar
extent throughout life, or whether LMT-Cs might un-
dergo systematic alterations with maturation and during
adulthood. A comparison of LMTs from the same re-gions of hippocampal CA3, but from mice of different
ages, revealed clear differences in the size distributions
of these presynaptic terminal structures, with a selective
shift to larger sizes with increasing age (Figures 2A–2C).
The mGFP construct labeled mossy fibers and LMT-Cs
with remarkable and comparable homogeneity through-
out life (Figure S3), arguing against the possibility that
these LMT size shifts might reflect systematic distor-
tions of the imaging data set. Interestingly, the shifts
in LMT sizes did not affect all LMT size groups equally:
while a large fraction (50%–80%, depending on age) of
LMTs was relatively small (volumes equivalent to 1–3
subunits of 3 mm diameter) at any age, the remaining
LMTs shifted to larger sizes, and the average sizes of
the largest 5%–10% among them grew dramatically
with age (Figure 2B). Remarkably, this gradual age-re-
lated growth of larger LMTs was not confined to any par-
ticular period of life, but instead continued throughout
life, including old age (Figure 2B). This was not accom-
panied by a corresponding decrease in the average den-
sity of LMTs (average densities of LMTs per [92 3 92 3
7.5 mm] volumes of CA3a, normalized per mGFP-posi-
tive granule cell on the same section were: 1.14 6 0.12
[3 months], 1.18 6 0.20 [6 months], 1.37 6 0.15
[16 months], 1.34 6 0.18 [22 months]; n = 8 sections,
16 volumes, from two mice each; range of 21–42 LMTs
per volume), arguing against the possibility that the
Neuron
752Figure 2. Life-Long Expansion of Hippocampal LMT Subsets along Pyramidal Dendrites
(A) Overview of LMT distributions in CA3a in male mice of different ages. Note the higher incidence of large and very large LMTs in older mice.
(B) Quantitative analysis of LMT size distributions as a function of age (CA3a). (Left) Overall contributions of LMTs grouped by volume to the total
volume of LMTs in the sample. Note the gradually increasing contribution of the larger LMTs (150–300, and >300 mm3) with increasing age. n = 9
cubes (from three male mice per age). One-way ANOVA: p < 0.001 (15–60 mm3), p = 0.45 (60–150 mm3), p < 0.05 (150–300 mm3), p < 0.001
(>300 mm3). (Right) Relative prevalence of LMTs of different sizes as a function of age. n = 9 cubes (from three male mice per age). Post hoc
Student’s t test (left and right): *p < 0.05, **p < 0.01,***p < 0.001. A Tukey HSD post hoc test confirmed these significance relationships.
(C) LMT arrangements in CA3a as a function of age. Note longitudinal expansions of larger LMTs parallel to pyramidal neuron dendrites. Cream
arrows delineate the longitudinal extension of some of the largest LMTs in each panel (3 Mo: two LMTs; 6 and 16 Mo: three LMTs each). Quan-
titative analysis: n = 80 LMTs, three mice per age; bars: median values; short axis perpendicular to longest axis; one-way ANOVA: p < 0.01 (ratio
long/short). Scale bars, 25 mm.higher contribution of the larger LMTs to the total vol-
ume of LMTs with increasing age was due to a corre-
sponding loss of smaller LMTs.
A detailed comparison of larger LMTs at different ages
revealed that the predominant contributions to their
increase in size were longitudinal extensions, which
were oriented transversal to the mossy fiber projection(Figure 2C). This was reflected in a gradual increase in
LMT long-to-short axis ratio values with increasing age
(Figure 2C). High-resolution analysis suggested that
this reflected an expansion of the stretch of CA3 pyrami-
dal neuron dendrite occupied by individual, larger LMTs
(Figure 2C). Taken together, these results provide evi-
dence that, in the mouse, there is a continuous net
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753Figure 3. Experience-Related Increase in the Complexity of LMT-Cs
(A) Quantitative analysis of LMT size distributions in the different EE protocols. Overall contributions of LMTs grouped by volume to the total
volume of LMTs in the sample. Note how all EE experiments led to size distribution shifts resembling those induced by increasing age (compare
to Figure 2B, left). n = 6 cubes (from four female mice each). Post hoc Student’s t test: *p < 0.05, **p < 0.01.
(B) Quantitative analysis of long/short axis ratios in EE-P40/P80 versus control P80 mice. n = 80 LMTs, three mice per condition; bars: median
values; one-way ANOVA: nonsignificant (ratio long/short).
(C) Specific increase in the complexity of LMT-Cs induced by EE in vivo. (Left) Camera lucida drawings of representative LMT-Cs (CA3a) from P80
mice, kept under EE (left) or Ctrl (center) conditions, and comparison to LMT-Cs from control mice, 6 months old. Note higher frequencies
of satellites upon EE conditions. (Right) Relative prevalence of LMT-Cs with and without satellites as a function of enriched environment and
age. n = 120 LMTs, from three female mice each.
(D) Specific increase in thorny excrescence lengths and complexities upon EE conditions (CA3a). (Left) High-magnification examples of thorny
excrescences (mGFP signal; arrows point to some of the thorns). (Right) Quantitative analysis of dendrite diameters excluding or including thorny
excrescences (at clusters) as a function of EE and age. n = 40 dendrites, from two female mice each. Scale bars, 15 mm (B) and 2 mm (C).growth of the largest subpopulations of LMTs through-
out life, and that this growth mainly involves the expan-
sion of LMT subsets along pyramidal neuron dendrites
in CA3. This relationship between age and LMT size dis-
tributions was detected consistently among BalbC 3
C57/Bl6 mice grown under standard housing condi-
tions, suggesting that it reflects the impact of a life-
long developmental mechanism in the hippocampus.
Experience-Related Increase of LMT-C Complexities
in Adult Mice
To investigate the possibility that experience might influ-
ence LMT-C size distributions and/or complexities, we
analyzed LMTs of mice housed under enriched environ-
ment (EE) conditions known to promote brain and hip-
pocampal plasticity (van Praag et al., 2000), and com-pared them to those of littermates kept under standard
housing (Ctrl) conditions (see Experimental Procedures).
We carried out three types of EE experiments: (1) in the
main set of experiments, mice were kept in EE from
P40 to P80, and analyzed at P80 (EE-P40/P80); (2) in
a second set of experiments aimed at comparing the
effects of age and EE on LMT morphologies, mice were
kept in EE from 4 months to 15 months, and analyzed
at 15 months (EE-4Mo/15Mo); (3) the third set of experi-
ments was aimed at determining whether changes due
to EE (from 1 month to 4.5 months) might be maintained
when mice were returned to standard conditions (from
4.5 months to 6 months; EE-1Mo/4.5Mo-Ctrl6Mo). As
shown in Figure 3A, all three experimental conditions
produced a significant shift in the prevalence of larger
LMT sizes compared to controls. At first approximation,
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size distributions. However, a more detailed analysis re-
vealed that the effects of EE and age on LMT-C morphol-
ogies were qualitatively different. Thus, EE conditions
did not produce a corresponding net elongation of
LMTs (Figure 3B), and specifically induced a pronounced
increase in the complexity of LMT-Cs, as revealed by the
higher incidence of LMT-Cs with satellites and the higher
numbers of satellites per LMT-C (Figure 3C). This spe-
cific increase in LMT size and satellite numbers was
accompanied by a specific increase in the length and
complexity of postsynaptic thorny excrescences upon
exposure to EE (Figure 3D). Significantly, increasing
age did not lead to a comparable increase in postsynap-
tic thorn lengths (Figure 3D), and LMTs of EE-4Mo/15Mo
mice exhibited more satellites and complex outlines than
those of corresponding Ctrl mice (data not shown).
Taken together, these results provide strong evidence
for the existence of experience-related rearrangements
of LMT-C connectivity in vivo, and suggest that EE con-
ditions and age exert distinct influences on LMT-C rear-
rangement processes.
Long-Term Rearrangements and Growth of LMT-C
Subsets in Slice Cultures
To investigate LMT-C rearrangements and their regula-
tion in a more experimentally accessible system, we an-
alyzed organotypic slice cultures from Thy1-mGFPs
mice, where LMT-Cs can be imaged and treated in situ.
The slices also allowed us to analyze entire sets of
LMTs belonging to individual axons. In these cultures,
LMT-Cs exhibited subcomponent arrangements, satel-
lites, and diversities comparable to those detected
in vivo (Figures 4A–4C). Since we found that neurogene-
sis was extremely rare under our culture conditions (a
total of two BrdU/calretinin double-positive cells out of
eight slices; BrdU labeling at day in vitro [DIV] 6, analysis
at DIV9 or DIV16), age differences among individual gran-
ule cells could not account for the dramatic differences in
LMT-C morphologies. Furthermore, comparable LMT-C
diversities, including satellites, were also detected when
nontransgenic slice cultures were transfected with a cy-
tosolic RFP construct (cRFP) (see Figure 6A), ruling out
the possibility that the LMT-C morphologies were a prop-
erty of transgene positive granule cells in Thy1-mGFPs
mice or due to the activity of the Thy1 promoter in granule
cells.
In order to capture any type of morphological plastic-
ity by mossy fibers, we acquired high-resolution images
of entire mossy fiber projections in CA3a–c (Figure 4A)
during periods ranging from a few days to several (up
to 5) months. We found that when viewed at intervals
of 3–5 days and more, many LMT-Cs exhibited dramatic
alterations in their morphology (Figures 4B and 4C). In
contrast, even when mossy fibers were imaged for
up to 3–4 months, we did not detect new process out-
growths from the mossy fiber axon itself. Instead, axonal
dynamics was confined to remodeling and outgrowth
events from LMT-Cs (the only exceptions were occa-
sional short filopodial outgrowths from en-passant var-
icosities [De Paola et al., 2003], which are presynaptic
terminals by mossy fibers onto inhibitory interneurons).
In addition to changes in the shape and size of individual
LMTs, we noticed that a fraction of LMT-Cs exhibiteddramatic large-scale structural plasticity (Figure 4B);
this plasticity included process outgrowth or retraction
events of up to more than 120 mm per day, and the rapid
formation or loss of satellite LMTs (Figure 4B). These
satellite rearrangements frequently led to the establish-
ment or dismantling of contacts with distinct CA3 pyra-
midal neurons (Figure S4; in 5/5 investigated cases, the
new contacts exhibited Bassoon-positive clusters [data
not shown, but see Figure 5D]).
To determine whether LMT-C remodeling might lead
to sustained changes in the arrangement and/or sizes
of LMT-Cs in CA3 as a function of time, we repeatedly
imaged the same mossy fibers and their identified indi-
vidual LMT-Cs at 20 day intervals for periods of up to 4
months. We found that disappearance or appearance
events, in which an entire LMT-C could either not be
detected anymore at two subsequent imaging sessions,
or appeared after DIV20, were not frequent (disappear-
ances: 76/1500; appearances: 58/1500 LMT-Cs). In-
stead, many preexisting LMT-Cs grew in size during
many months in slice cultures (Figures 4C and 4D). To
analyze the growth properties of LMT-Cs, we computed
size differences for large sets of individual LMT-Cs as
a function of time. Only LMT-Cs detectable throughout
the entire experimental period were included in the ana-
lysis. Grouping of the results according to the absolute
sizes of LMT-Cs at the first observation time revealed
a net and sustained increase in the average sizes of per-
sisting LMT-C over time in the slices, which was much
more pronounced for larger LMT-Cs (Figure 4D). A re-
gression analysis revealed that the absolute magnitudes
of LMT-C growth were strongly correlated to the initial
sizes of individual LMT-Cs, but not to the actual sizes
of LMT-Cs at successive imaging sessions (Figure 4D).
In a way strikingly reminiscent of the shifts of LMT sizes
in vivo, LMT-C rearrangements in slices led to a gradual
increase in the contribution by the largest LMT-Cs to to-
tal LMT-C volume (Figure 4E). In further analogy to LMTs
in vivo, LMT growth in slices mainly involved elongation,
leading to a significant increase in the long-to-short axis
ratio of LMTs (Figure 4F). The fastest growing LMT-Cs
also remodeled on a larger scale than the smaller
LMT-Cs (data not shown), suggesting that they ex-
hibited stronger anatomical plasticity properties. LMT-
C growth was not a consequence of the live imaging pro-
cedure, since slice cultures imaged for the first time at
ages ranging from 20 days to 4 months in vitro exhibited
average LMT-C sizes that were comparable to those
that had been determined when following identified
LMT-Cs longitudinally for a corresponding period of
time in vitro (data not shown). In addition to this presyn-
aptic growth, and consistent with a net increase in active
zone numbers (see Figures 5D and 5E), we also detected
remodeling, growth, and increased complexity of indi-
vidual thorny excrescences (see Figure S5 for an exam-
ple). We conclude that subsets of LMT-Cs rearrange ex-
tensively in organotypic slice cultures, altering the sets
of pyramidal neurons with which they establish contacts
through satellites, and consistently grow in size over
many months. The arrangements and heterogeneities
of LMT-Cs in slice cultures thus closely resemble those
in vivo, and their remodeling and expansion properties
exhibit features consistent with those inferred from
comparing mice of different ages or housing conditions.
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755Figure 4. Rearrangements and Growth of LMT-C Subsets in Organotypic Slice Cultures
(A) (Left) Overview of an entire mossy fiber projection at DIV20 and DIV40. The dentate gyrus is to the left. Note the growth of several LMTs. (Right)
Complexity and diversity of LMT-Cs in slice cultures. The images are maximum intensity projections, or raw data. The two LMTs in the lower
left panel (DIV60, arrows) belong to the same complex.
(B) Large-scale anatomical plasticity at one LMT-C in CA3a (cream arrow). Note the outgrowth of a long process within 1 day (DIV52 to DIV53; thin
cream arrow), and the formation of satellite LMTs (red arrows).
(C) Rearrangements and growth of a large LMT-C (cream arrow) from DIV56 to DIV132.
(D) Quantitative analysis of LMT-C growth in slice cultures. (Left and middle) Sizes of individual identified LMT-Cs that persisted throughout the
analysis were compared at the indicated times, and LMT-Cs were then grouped into small (<30 mm2), medium (<60 mm2), and large (R60 mm2),
according to their sizes at DIV20. n = 50 identified LMT-Cs each, from five slice cultures. (Right) Linear regression analysis of identified LMT-C
sizes between DIV60 and DIV140. Linear correlation values (R2): 0.95 (DIV80), 0.95 (DIV100), 0.92 (DIV120), 0.88 (DIV140).
(E) LMT-C volume distribution as a function of age. Contribution of LMT-C size groups to the total volume of LMT-Cs in slice cultures (comparable to
the data of Figure 2B). n = 5 cubes, from five slices. One-way ANOVA (orange asterisk): *p < 0.05, **p < 0.01. Post hoc Student’s t test (blue): *p < 0.05.
(F) Quantitative analysis of long/short LMT axis as a function of age in vitro. n = 20 LMTs, from five slices; bars: median values; one-way ANOVA: p <
0.001 (ratio long/short).
Scale bars, 100 mm ([A], left), 5 mm ([A], right), and 10 mm ([B] and [C]).
Neuron
756Figure 5. Larger LMTs Elicit Stronger Postsynaptic Responses in Pyramidal Neurons and Have More Active Zones
(A) Monosynaptic CNQX-sensitive responses recorded in CA3 pyramidal neurons upon intracellular stimulation of mGFP-positive granule cells
in DIV20–30 slice cultures. (Top) Ten superimposed recordings for small and large LMTs. (Bottom) Amplitude distribution histogram (left)
and cumulative plot of evoked amplitudes for the same set of data. Holding potential: 270 mV; Bicuculine 10 mM, D-AP5 80 mM. Small LMTs:
8–25 mm2; large LMTs: 80–150 mm2. Total of evoked currents: 1264 (small LMTs) and 923 (larger LMTs).
(B) Paired-pulse facilitation does not differ when recorded in large or small LMTs. n = 5, p > 0.1.
(C) Frequency-dependent facilitation does not differ in small and large LMTs. Data normalized to 0.1 Hz values. Averages of 15 traces each; n = 5,
p > 0.1.
(D) Distribution of active zones within an LMT-C with a satellite (DIV80); Bassoon immunocytochemistry red; mGFP green. (Left) MIP; Bassoon
labeling outside the LMT was cropped out. (Right panels) Single confocal planes (33 planes total; plane distance 0.3 mm). Note presence of active
zones throughout the LMT and in its satellite. Scale bar, 5 mm.
(E) Contents of Bassoon-positive structures (active zones) as a function of LMT volume and age in vitro. (Left) regression analysis; the lines are
polynomial fits. Note comparable and near to linear relationships between LMT volume and active zone contents at DIV20, DIV40, and DIV90.
(Right) Active zone number/LMT volume ratios; bars: median values; n = 80 LMTs per condition. One-way ANOVA: p = 0.76 (i.e., no differences
as a function of age).Larger LMTs Produce a Stronger Excitation
of Postsynaptic Pyramidal Neurons
Do LMT-C rearrangements and growth lead to changes
in the functional connectivity of individual LMT-Cs? To
determine whether larger LMTs might differ from smaller
LMTs with respect to the strength of their output onto
pyramidal neurons in CA3, we carried out intracellular
pair-recording experiments in slice cultures (DIV20–30).One mGFP-positive granule cell was recorded and stim-
ulated under current-clamp mode and a second elec-
trode filled with sulforhodamine or Lucifer-yellow was
used to label CA3 pyramidal cell dendrites present in
the close vicinity of one of its core LMTs (either its largest
core LMT or a smaller core LMT; see Experimental Pro-
cedures). These CA3 neurons were then recorded under
voltage clamp and tested for monosynaptic connectivity
Rearrangements of Connectivity in the Adult
757Figure 6. Plasticity and Growth Are Specific
Properties of Individual LMT-Cs, Not Mossy
Fibers
(A) (Top) Example of mossy fiber from non-
transgenic DIV30 slice expressing cRFP
(gene gun transfection). (Middle and bottom)
Examples of DIV70 (two) and DIV130 (one)
slice cultures, each with one well-labeled,
mGFP-positive granule cell. Cell bodies and
dendrites are to the left; asterisk: position of
the largest LMT-C. The cRFP-expressing
mossy fiber exhibits its largest LMT-C within
the infrapyramidal projection; as expected,
the largest LMT-C at DIV30 is smaller than
those at DIV70, which are smaller than the
one at DIV130.
(B and C) Growth of individual LMTs between
DIV20 and DIV60 (B), or DIV60 and DIV120 (C).
Each graph represents one mossy fiber and
its individual LMTs (CA3c to the left).
(D) Larger LMTs maintain this distinction
when recovering from shrinkage induced
by TTX; experimental conditions are as
described for Figure 7.
(E) Redistribution of total LMT volume as
a function of age in vitro between largest
LMT-C and remaining LMT-Cs belonging to
the same axon. Median values from three
individual axons.
Scale bars, 140 mm.to the mGFP-positive granule cell. In this way, we
achieved intracellular pair-recordings among synapti-
cally connected granule cells and pyramidal neurons in
about 10% of the attempts (Figure 5A; see Experimental
Procedures). We found that DCG-IV-sensitive (Ishida
et al., 1993) excitatory postsynaptic responses evoked
by granule cell stimulation were substantially stronger
at larger LMTs than at the smaller LMTs (Figure 5A). Sig-
nificantly, the paired-pulse facilitation and frequency-
dependent facilitation properties of large and small
LMTs were not detectably different (Figures 5B and
5C), suggesting that smaller (weaker) and larger (stron-
ger) LMTs exhibit proportional short-term presynaptic
plasticity, and that the greater synaptic strength might
reflect a larger number of active zones in larger LMTs.
To determine how differences in the sizes of LMTs
might reflect differences in the numbers of synaptic re-
lease sites, we analyzed Bassoon-positive active zones
(tom Dieck et al., 1998) in individual LMTs (Figures 5D
and 5E). We found that all elements of LMTs contained
numerous active zones (Figure 5D; Figure S2), and that
LMT sizes and active zone numbers were closely corre-
lated independent of time in culture (Figure 5E). We
found comparable correlations between LMT volumes
and active zone numbers for LMTs and their satellites
in vivo (N.G. and P.C., unpublished data). We conclude
that the large variations among LMT sizes reflect corre-
sponding variations in active zone numbers, that the ex-pansion of LMT-Cs over time reflects an increase in the
number of release sites at those LMT-Cs, and that
the establishment of satellites reflects the addition of re-
lease sites by the LMT-C onto the same or new postsyn-
aptic pyramidal neurons in CA3. Taken together, the
results thus suggest that the profound anatomical rear-
rangements of individual LMT-Cs in slice cultures reflect
corresponding rearrangements of their local connectiv-
ities onto pyramidal neurons in CA3.
Different LMT-Cs Belonging to the SameMossy Fiber
Exhibit Distinct Plasticity Properties
What underlies the dramatic differences in LMT-C ar-
rangements, sizes, and anatomical plasticity in slice cul-
tures? One possibility was that differences in LMT sizes
might reflect differences among granule cells and their
mossy fibers. Alternatively, LMT-Cs belonging to the
same mossy fiber might differ among each other. To ad-
dress this issue, we first analyzed a large set of individ-
ual mossy fibers, focusing on the relative sizes of their
LMT-Cs, and on whether or not they established satel-
lites. To our surprise, we found that for the majority of
mossy fibers (34/40) one LMT-C was at least three times
as large as any of the remaining LMT-Cs along the same
mossy fiber, which tended to exhibit more comparable
sizes (Figures 6A–6C). These size relationships among
the LMT-Cs of a given mossy fiber were detectable for
slice cultures of any age beyond DIV5 (data not shown),
Neuron
758Figure 7. Regulation of LMT-Cs’ Maintenance and Growth by Spiking Activity, mGluR2, and PKC
(A) Reversible shrinkage of LMT-Cs in the presence of either TTX or the mGluR2 agonist DCG-IV. Drugs were added to the slice medium just after
the first imaging session at DIV20 (arrows pointing down) and washed out just after the second session at DIV40 (arrows pointing up). The CON
series shows medium change without added drugs.
(B) Quantitative analysis of LMT growth in the presence or absence of TTX, DCG-IV, or GABA. (Upper row) Shrinkage of LMT-Cs in the presence
of drugs. (Left and middle) Experimental conditions as in (A). (Left) Grouping of identified LMT-Cs according to sizes as described for Figure 4.
(Middle) Regression analysis of LMT-C growth versus LMT size at DIV20. Linear regression correlations (R2): 0.85 (control), 0.81 (TTX), 0.86 (DCG-
IV). (Right) Drug-induced shrinkage of LMT-Cs in cultures 2 months old. TTX or DCG-IV were added at DIV60, and their effects were analyzed at
DIV70. Grouping of identified LMT-Cs as described for Figure 4. (Lower row) Recovery of LMT-C growth upon washout of TTX. Left and middle
panel as described above. Linear regression correlations (R2): 0.80 (DIV40, TTX), 0.78 (recovery TTX, DIV60), 0.78 (control DIV60). Growth values
for control conditions are included for comparison (dark bars). n = 50 LMT-Cs per size group, from five slice cultures.
(C) Active zone contents of LMTs in the presence of TTX or DCG-IV, as a function of LMT volume and age in vitro. Values are for 20 days (DIV40) or
10 days (DIV70) in the presence of the drug. (Left) Regression analysis of LMT volume versus active zone numbers for different experimental
conditions. The curves are polynomial fits. (Right) Distribution of active zones per LMT volume values. Note how DCG-IV induces an overpropor-
tional reduction in the numbers of active zones per LMT volume. n = 50 LMT-Cs per size group, from five slice cultures. One-way ANOVA for TTX
versus DCG-IV: p < 0.01.
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759and were not restricted to granule cells exhibiting Thy1-
driven mGFP expression (Figure 6A).
We next reasoned that mossy fibers might exhibit
some larger LMT-Cs at any given time, but that their
position might change with time, in parallel with LMT-C
remodeling and growth; alternatively, individual ‘‘plastic
LMT-Cs’’ might maintain their growth properties and
augment their relative sizes over time. We therefore car-
ried out longitudinal studies, in which we followed all in-
dividual LMT-Cs of identified mossy fibers over months
in slice cultures. We found that individual plastic LMT-
Cs maintained this distinguishing property over months
in culture when they kept growing more than the smaller
LMT-Cs (Figures 6B and 6C). This led to a gradual shift of
the total presynaptic volume of individual axons toward
the largest LMT-C (Figure 6E). Since plastic LMT-Cs
also recovered more effectively from treatments that
reversed LMT-C growth (see below; Figure 6D), we con-
cluded that the large differences in the plasticity and
growth of LMT-Cs reflect local properties of individual
LMT-Cs.
Local, Activity-Dependent Regulation of LMT-C
Maintenance and Growth
To investigate the mechanisms regulating LMT-C re-
modeling and growth, we carried out pharmacological
experiments in slice cultures. Experimental conditions
consisted of (1) acquiring one set of images at DIV20
(control conditions), (2) including pharmacological
agents in the culture medium during the next 20 days,
and (3) a second imaging session at DIV40, followed
by returning slices to control medium conditions. Fur-
ther imaging at DIV60 and DIV80 was carried out to verify
that any drug effect was reversible. In additional exper-
iments aimed at excluding effects restricted to compar-
atively young slice cultures, we also carried out treat-
ment experiments starting at DIV60.
Under control conditions, current-clamp recordings
of granule cells in slice cultures showed a level of back-
ground firing activity in the range of 3–3.5 Hz with occa-
sional bursts of action potentials very much consistent
with the firing properties reported in vivo (e.g., Pentto-
nen et al., 1997). We found that the inclusion of a TTX
dose sufficient to completely and reversibly block spik-
ing activity in the slices (data not shown) not only
blocked LMT-C growth, but led to a substantial reduc-
tion in average LMT-C sizes in both young (DIV20) and
more mature (DIV60) slices (Figures 7A and 7B). This re-
duction affected both the sizes of individual LMTs and
the number of satellites by LMT-Cs (data not shown). It
was accompanied by a corresponding reduction in the
number of active zones per LMT (i.e., average numbers
of active zones per LMT volume were not affected by
TTX; Figure 7C), indicating that it reflected a net de-
crease in the number of release sites in the slices. The
inhibitory neurotransmitter GABA also induced LMT-C
shrinkage (Figure 7B). The absolute extent of LMT-C
shrinkage in the presence of TTX or GABA (or DCG-IV,
see below) was closely correlated to LMT-C size (Fig-ure 7B), suggesting that both growth and maintenance
of plastic LMT-Cs depends on spiking activity. Shrink-
age of LMT-Cs in the presence of TTX was reversible
(Figure 7B). Significantly, larger LMT-Cs resumed growth
at higher rates than smaller LMT-Cs when recovering
from the TTX treatment, and this again applied to both
populations of identified LMT-Cs (Figure 7B), and the in-
dividual LMT-Cs of identified mossy fibers (Figure 6D).
To determine whether transmitter release from LMTs
is required to sustain LMT-C growth, we carried out ex-
periments in the presence of the mGluR2 agonist DCG-
IV (Ishida et al., 1993), which produces a specific and
complete blockade of evoked transmitter release from
LMTs in hippocampal slices (Kamiya et al., 1996). We
found that DCG-IV was as effective as TTX in reversibly
suppressing LMT-C growth and inducing LMT shrinkage
(Figures 7A and 7B). Interestingly, and unlike TTX, DCG-
IV produced an overproportional decrease in the num-
ber of active zones per LMT (Figure 7C). We conclude
that LMT-C growth and maintenance depends on spik-
ing activity in the slices and on the local release of trans-
mitter from LMTs.
Long-term potentiation at mossy fiber to pyramidal
neuron synapses in CA3 is NMDA receptor independent,
PKC dependent, and predominantly controlled presyn-
aptically. To determine whether signaling pathways re-
lated to the induction of LTP at these synapses might
influence LMT growth and maintenance in slices, we
carried out experiments in the presence of the specific
inhibitor of PKC, chelerythrine. We found that the PKC
inhibitor augmented growth at small LMTs, but caused
shrinkage at large LMTs (Figure 7D). At closer inspection,
the growth of small LMTs was not distributed equally
among many small LMTs, but instead led to the emer-
gence of 1–2 larger LMTs, concomitant with shrinkage
of the original large LMTs (data not shown). In contrast,
and in keeping with its lack of effect on synaptic plastic-
ity at mossy fiber to pyramidal neuron synapses, the
NMDA receptor antagonist APV did not significantly
affect LMT growth (Figure 7D). We conclude that differ-
ences among the growth properties of individual LMT-
Cs are maintained across conditions allowing or pre-
venting growth at all LMTs, suggesting that the relative
extent of LMT growth is regulated locally at individual
LMTs. However, this maintenance of LMT asymmetry
depends on PKC activity, suggesting that whether a par-
ticular LMT grows overproportionally might be affected
by conditions influencing functional plasticity at these
synapses.
Discussion
In this study we provide evidence that functionally im-
portant presynaptic complexes in the hippocampus re-
arrange their local connectivities throughout life, and
that these rearrangements are influenced by experience
and age. We first show how LMT-Cs are local presynaptic
terminal arborizations of mossy fibers, exhibiting large
differences in the magnitude and divergence of their(D) Effect of PKC inhibitor chelerythrine and NMDA receptor antagonist APV on LMT maintenance and growth. Experimental conditions and
grouping of data as described in (B) (upper row, left). n = 50 LMT-Cs per size group, from five slice cultures. The effects of the PKC inhibitor
(see text) were significant for all LMT size categories: p < 0.01 (small), p < 0.05 (medium), p < 0.001 (large); Student’s t test.
Scale bars, 10 mm.
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760local connectivities with pyramidal neurons in CA3. We
then provide two independent lines of evidence that
LMT-Cs rearrange their connectivities in the adult:
we show that subsets of LMT-Cs expand along CA3
dendrites throughout life, and that the complexities of
LMT-Cs are dramatically enhanced by housing mice in
an enriched environment. We then analyze identified
LMT-Cs longitudinally in organotypic slice cultures,
and show that (1) the arrangements and heterogeneities
of LMT-Cs in slice cultures closely resemble those in
vivo; (2) subsets of LMT-Cs rearrange their connectivi-
ties, and grow over weeks and months in slice cultures
in patterns resembling those detected in vivo; (3) the an-
atomical rearrangements reflect corresponding rear-
rangements in functional connectivity; (4) the marked
differences with respect to plasticity and growth reflect
local properties of individual LMT-Cs, not their mossy
fibers; (5) LMT-C growth and maintenance require spik-
ing activity in the slices, and mGluR2-sensitive transmit-
ter release from LMTs; and (6) the stable maintenance of
LMT-C size heterogeneities involves PKC activity. Be-
low, we discuss the implications of these findings and
their relationship to those from previous studies, focus-
ing on the rearrangements of LMT-C connectivity, the
regulation of these processes by synaptic activity and
experience, and their possible impact on hippocampal
network activity.
Rearrangements of LMT-C Connectivity in the Adult
Our results provide novel insights into the organization
of mossy fiber terminals in CA3. While the complexity
of LMTs had been documented by previous studies
(Chicurel and Harris, 1992; Danzer and McNamara,
2004; Gonzales et al., 2001), imaging using Thy1-mGFPs
mice has revealed unsuspected further features, includ-
ing the existence of satellite LMTs, a great diversity of
sizes and morphologies, and the massive sizes of
some of these terminals. It does not seem surprising
that the satellites have been missed by previous studies,
as they would have been very difficult to detect using
electron microscopy or traditional fill methods. Further-
more, most previous studies have focused on LMTs
from young animals (ca. 3 weeks), when diversity and
complexity are less pronounced. In a further departure
from the results of previous studies, we provide evidence
that individual LMT-Cs can contact several distinct pyra-
midal cells in CA3. Based on these results, we propose
that instead of terminal boutons, LMTs should be con-
sidered as local terminal arborization complexes of
mossy fibers, exhibiting great diversity in their sizes
and in their degrees of divergence onto pyramidal neu-
rons in CA3. Although the satellites can clearly contact
distinct pyramidal neurons, exhibit numerous Bassoon-
positive active zones, and are highly enriched in Synap-
sin I and synaptic vesicle markers (data not shown), their
functional status remains to be investigated. The recent
demonstration that LMT membranes contain voltage-
gated Na channels and amplify action potentials (Engel
and Jonas, 2005) is certainly consistent with the notion
that the interconnected compartments of LMT-Cs can
be efficiently triggered to release transmitter. Detailed
functional investigations of these compartments should
yield valuable novel insights into the function of these
complex terminal structures.We provide evidence that subsets of hippocampal
LMT-Cs are sites of considerable anatomical plasticity
in adult mice. This is consistent with results from recent
studies, which have provided evidence for structural
plasticity of presynaptic terminals in hippocampal slice
cultures (De Paola et al., 2003), and in adult mouse barrel
and visual cortex in vivo (De Paola et al., 2006; Stettler
et al., 2006). However, a critical advance over previous
studies is that the structural plasticity of LMT-Cs leads
to long-term rearrangements of local connectivity, sug-
gesting that it might be an important aspect of hippo-
campal circuit plasticity in the adult. The rearrangements
affected LMT-C connectivity in two distinct ways: (1) ex-
pansions along dendrites from the same pyramidal neu-
ron added transmitter release sites, presumably altering
the functional impact of mossy fiber spiking onto that
particular postsynaptic pyramidal neuron in CA3; and
(2) the establishment of satellite LMTs onto distinct py-
ramidal neurons added and/or removed postsynaptic
targets to individual LMT-Cs, altering the extent and
quality of local divergence of pyramidal neuron innerva-
tion by individual LMT-Cs (Figure 8).
Regulation of LMT-C Rearrangements
Having uncovered evidence for long-term rearrange-
ments of hippocampal LMT-C connectivity influenced
by experience in adult mice, we turned to organotypic
slice cultures to investigate mechanisms controlling
LMT-C remodeling. As outlined above, LMT-Cs in slices
exhibited arrangements, heterogeneities, and remodel-
ing properties consistent with the notion that regulation
of their anatomical plasticity underlies principles com-
parable to those in vivo. Since the functional properties
of hippocampal slice cultures resemble those of acute
slices (e.g., Gahwiler et al., 1997), it seems unlikely that
principles underlying LMT-C rearrangements in vivo
would be fundamentally different from those in slice cul-
tures. On the other hand, slice cultures do lack inputs
Figure 8. Schematic of How Local Anatomical Rearrangements Can
Lead to Changes in the Functional Connectivity between Mossy
Fiber LMT-Cs and CA3 Pyramidal Neurons in the Adult
Gray box: pyramidal neuron dendrite in stratum lucidum; blue and
green ovals: individual LMT-Cs. The two blue LMT-Cs belong to dis-
tinct granule cells that are sometimes active at the same time (blue
pattern of activation); green and blue are not recruited at the same
time. The blue and green traces to the right indicate the postsynaptic
excitatory responses of this dendrite at equal mossy fiber firing fre-
quencies. (Left) Blue and green activation patterns elicit comparably
weak postsynaptic responses. (Right, upper part) Lower blue LMT-C
has expanded along the pyramidal dendrite (higher number of active
zones), leading to potentiation of the blue postsynaptic response
(e.g., age-related growth). (Right, lower part) Both blue LMT-Cs
have established satellites onto the pyramidal dendrite (higher con-
vergence of active zones), leading to potentiation of their postsyn-
aptic response (e.g., enriched environment).
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761from entorhinal cortex and neuromodulatory systems,
suggesting that important aspects of connectivity and
network activity in slices might be significantly different
from in vivo. Investigations in slice cultures thus provide
valuable insights into mechanisms controlling LMT-C
rearrangements, but the actual impact of these princi-
ples for hippocampal plasticity and their age-related
properties will eventually need to be verified in vivo.
This study provides evidence that anatomical plastic-
ity and rearrangements of connectivity by LMT-Cs in
slice cultures are controlled by local factors. The results
suggest that plastic LMT-Cs differ stably from less plas-
tic ones with respect to some property affecting ana-
tomical growth, either intrinsically or in response to
graded signals from their local environment. Interest-
ingly, maintenance of the original set of plastic LMT-Cs
depended on PKC activity, suggesting that synaptic
plasticity might have a significant impact on the out-
come of LMT-C rearrangements. New growth and
shrinkage of LMT-Cs in the presence of the PKC inhibi-
tor appears to be balanced; this suggests that in addi-
tion to local factors, LMT-C rearrangements might also
be influenced by the allocation of synaptic resources
within individual axons. The finding that conditions
affecting synaptic plasticity influenced synaptic turn-
over is reminiscent of several recent studies relating
LTP and LTD to spine density and growth (e.g., Muller
et al., 2000; Nagerl et al., 2004; Zhou et al., 2004). We
find that larger LMT-Cs can be detected at all positions
along individual mossy fibers in slices and along the
mossy fiber projection in CA3 in vivo. It is well estab-
lished that there is topography with respect to connec-
tivity in the hippocampus, and that pyramidal neurons
at distinct positions along CA3 project to different re-
gions along CA1 (Johnston and Amaral, 1998). Our
results thus raise the possibility that individual mossy
fibers might exhibit topographical preferences with re-
spect to the anatomical plasticity and strength of their
outputs along CA3 in the adult; such preferences might
provide topography for the flow of information from the
dentate gyrus to CA1.
In addition to uncovering a requirement for synaptic
activity in LMT-C maintenance and growth, the pharma-
cological experiments in slice cultures have provided
insights into how LMT-C plasticity might be regulated lo-
cally. The finding that LMT-C growth was reversed by an
mGluR2 agonist known to specifically block transmitter
release from LMTs suggests that local release is impor-
tant to promote growth. Released transmitter might act
on presynaptic receptors (Nicoll and Schmitz, 2005) to
promote growth. In addition, several studies have pro-
vided evidence that the thorny excrescences of pyrami-
dal cell dendrites in CA3 are particularly sensitive to
experience, and can expand or shrink in response to
learning, stress, and hormones (e.g., McEwen 1999; Ka-
valali et al., 1999; Sandi et al., 2003). Therefore, a second,
nonexclusive possibility is that synaptic activity might
influence LMT growth indirectly by regulating thorny
excrescence growth. This might involve activation of
AMPA receptors, since their blockade counteracts
growth by individual LMTs in slices (I.G. and P.C., un-
published data). The high affinity of mGluR2 for gluta-
mate, and the peripheral presynaptic distribution of
mGluR2 at LMT synapses (Nicoll and Schmitz, 2005),suggests a further mechanism through which stronger
LMTs could destabilize neighboring weaker LMTs via
ambient glutamate. Such a mechanism might mediate
competitive interactions between LMTs converging
within thorny excrescence clusters in a way reminiscent
of the role of activity in synapse elimination processes
(Lichtman and Colman, 2000). It has long been known
that in addition to stretches of pyramidal cell dendrite
in stratum lucidum exhibiting thorny excrescences dis-
tributed in a scattered manner, thorny excrescences
can be clustered locally, and many of these clusters
can extend for very long distances (>20–30 mm) along
pyramidal neuron dendrites in CA3 (Gonzales et al.,
2001; Qin et al., 2001; Kavalali et al., 1999). We find
that LMTs from several distinct mossy fibers can con-
verge at such clusters (Figure 1B), and that postsynaptic
territories at the clusters expand through elongation and
increased complexity of thorny excrescences upon
exposure to an enriched environment. We further find
a great degree of heterogeneity in the density and distri-
bution of thorny excrescences among pyramidal neuron
dendrites in stratum lucidum. The clusters might thus
reflect specialized postsynaptic territory sites for com-
petitive interactions among convergent LMTs regulated
by experience.
Functional Significance of LMT-C
Rearrangements in the Adult
What could be the functional significance of the long-
term rearrangements of LMT-C connectivity in the adult?
Both the rearrangements related to age and those in-
duced by EE conditions led to a net growth in size by
the fraction of larger LMTs and thus to a net local in-
crease in the numbers of active zones onto pyramidal
neurons in CA3 by plastic LMT-Cs. Since larger LMTs
with higher numbers of active zones elicit stronger excit-
atory responses in postsynaptic pyramidal neurons (Fig-
ure 5), the growth of individual LMTs would lead to
a greater frequency-dependent impact of their activation
onto their postsynaptic pyramidal neurons in CA3. This
might, for example, lead to suprathreshold activation of
pyramidal neurons by individual LMT-Cs at lower spiking
frequencies, and/or to more effective synergisms by
small numbers of synchronously active, converging
LMTs (Figure 8). Accordingly, the expansion and activ-
ity-regulated divergence of LMT-C subsets along pyra-
midal cell dendrites in CA3 throughout life might result
in an increasing focusing of information flow from indi-
vidual spiking mossy fibers, selectively to a local seg-
ment of the associative network in CA3. This focusing
might mediate the emergence of microcircuits of prefer-
entially interconnected neurons (Chklovskii et al., 2004;
Ikegaya et al., 2004; Yoshimura et al., 2005; Song et al.,
2005). In addition to its effects on LMT size distributions,
EE specifically increased the frequency of satellites by
LMT-Cs, and the lengths and complexities of thorny
excrescences. Since LMTs from several distinct mossy
fibers intermingle at thorny excrescence clusters (Fig-
ure 1B), the larger and more complex thorns at individual
pyramidal neuron dendrites likely accommodate termi-
nals and satellites from a larger number of distinct mossy
fibers under EE conditions, reflecting an increase in local
divergence and convergence driven by experience. The
outcome of LMT rearrangements at thorny excrescence
Neuron
762clusters might then involve activity-dependent growth,
mGluR2-dependent inhibition of growth, and PKC-medi-
ated competition among LMT-Cs. In this way, the in-
creased complexity of LMT-Cs and thorns under enriched
environment conditions might support hippocampal
learning by providing more opportunities for local con-
vergence of coactive terminals onto pyramidal neurons
in CA3.
Experimental Procedures
Mice and Reagents
Transgenic mice expressing membrane-targeted GFP in only a few
(Thy1-mGFPs, L21 and L15) or most neurons (Thy1-mGFPmu, L17)
were as described (De Paola et al., 2003). Transgenic males were
crossed over more than ten generations with nontransgenic F1 off-
springs from C57Bl6 3 BalbC crosses, so that the genetic back-
ground of the mice was 50% each of C57Bl6 and BalbC. For en-
riched environment experiments, sets of female littermates (3–4
mice each) were either kept in normal-sized cages without additional
objects (1 mouse per cage; Ctrl conditions), or in large (rat) cages
with running wheels and several objects for exploration (3–4 mice
per cage; EE conditions). Transgenic mice expressing cytosolic
YFP in few neurons (Thy1-cYFPs) (Feng et al., 2000) were obtained
from Jackson Laboratories. Drugs and their final concentrations in
the culture medium were as follows: TTX (Latoxan, 1 mM, stock in ac-
etate buffer), DCG-IV (Tocris, Bristol, 1 mM), GABA (Fluka Bioche-
mica, 100 mM), chelerythrine (Sigma, 1 mM), and APV (Sigma, 100
mM). Antibodies: Bassoon, anti-mouse Alexa Fluor 546 (Molecular
Probes).
Slice Cultures
The slice cultures were established according to the procedure de-
scribed by Stoppini and colleagues (Stoppini et al., 1991). Brains of
P6–P9 transgenic mice were dissected in MEM (GIBCO) based, ice-
chilled medium, and hippocampal coronal sections of about 400 mm
were produced with a tissue chopper (McIlwain). Slices were se-
lected, placed on Millicell (Millipore, PICM03050) and cultured in
6-well dishes at 35ºC and 5% CO2 in the presence of 1 ml of medium.
The entire slice isolation procedure took about 30 min. The culture
medium was exchanged every third day, and drugs were added in
the fresh culture medium. For drug washout, individual slices were
placed in 35 mm Petri dishes, washed twice with 1 ml of Tyroid’s
buffer, returned to 6-well dishes, and washed again twice with
1 ml culture medium during the next 10 min. For all drug treatments,
control slices were treated in the same way, except for the absence
of the drug.
For some experiments, DIV10–15 slice cultures from nontrans-
genic mice were transfected with cRFP cDNA under the control of
the hSynapsin1 promoter (pMH4-pSYN-tdimer RFP, generous gift
from Thomas Oertner [FMI, Basel]). Gene gun transfection was per-
formed according to the instructions of the manufacturer (Bio-Rad,
Hercules, CA), except for a 100 mm nylon mesh which was inserted
as a pressure-deflecting screen. Slices were imaged 10–15 days af-
ter transfection.
Supplemental Data
The Supplemental Data for this article, which includes experimental
procedures related to imaging protocols, the analysis of imaging
data, immunocytochemistry and histology, and electrophysiology,
can be found online at http://www.neuron.org/cgi/content/full/50/
5/749/DC1/.
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